Abstract-This paper describes the approach to developing transition pathways for a low carbon electricity system in the UK, being pursued in a major new research project. The project aims (a) to learn from past transitions to help explore future transitions and what might enable or avoid them; (b) to design and evaluate transition pathways towards alternative socio-technical energy systems and infrastructures for a low carbon future; and (c) to understand and where appropriate model the changing roles, influences and opportunities of large and small 'actors' in the dynamics of transitions. The paper describes the approach being taken, which builds on the work of Dutch researchers on transitions and transition management using a multi-level framework of niches, socio-technical regime and landscape. It also outlines its application to the case of transition pathways to a regime dominated by local distributed electricity generation, including the evolution of the physical and institutional infrastructure changes, and the roles of actors, both large, e.g. multinational energy supply and distribution companies, national governments, major investors, and small, e.g. households, innovators and entrepreneurs.
I. INTRODUCTION
HIS paper describes the approach to developing transition pathways for a low carbon electricity system in the UK, being pursued in a major new 3.5 year research project. The work seeks to understand and help facilitate transition pathways for the UK, by combining historical and scenario analysis with assessment of the technical feasibility and social acceptability of potential pathways, within a whole systems assessment framework. The project is a collaboration between leading UK engineers, social scientists and policy analysts, supported by the UK Engineering and Physical Sciences Research Council (EPSRC) and the integrated power and gas company E.ON UK, and consists of eight parallel, interacting workstreams, organized under three Themes. The paper describes the approach being pursued under Theme 1, to developing transition pathways and examines key issues for the elucidation of these pathways, Paper focusing on the relations between institutions and infrastructures, and the roles, influences and opportunities of large and small actors in the dynamics of transitions.
The approach builds on the multi-level perspective (MLP) for analyzing the dynamics of transitions, developed primarily by Dutch researchers [1] [4] . This research combines technical, social and historical analysis of and insights into past and current transitions, using an analytical framework based on interactions between three levels: technological niches, socio-technical regimes, and landscapes. The landscape represents the broader political, social and cultural values and institutions that form the deep structural relationships of a society and only change slowly. The socio-technical regime reflects the prevailing set of routines or practices that 'actors' and institutions use and that create and reinforce a particular technological system; these practices include: "engineering practices; production process technologies; product characteristics, skills and procedures […] embedded in institutions and infrastructures" [1] . Whereas the existing regime generates incremental innovation, radical innovations are generated in niches, which are spaces that are at least partially insulated from 'normal' market selection in the regime, for example, specialised sectors or market locations. Niches provide places for learning processes to occur, and space to build up the social networks that support innovations, such as supply chains and user-producer relationships. Transition pathways arise through the dynamic interaction of technological and social factors at and between these different levels.
Research under the transitions approach has developed along two main lines. Firstly, the multi-level perspective is used as a framework for the analysis of the historical dynamics of transitions. Verbong and Geels [5] analysed the historical dynamics within the Dutch electricity system from 1960 to 2004 in this way. Secondly, the transitions approach has been used as a basis for developing 'transition management'. This is a process of governance seeking to steer or modulate the dynamics of transitions through interactive, iterative processes between networks of stakeholders. The 'management' process involves creating shared visions and goals, mobilizing change through transition experiments, and learning and evaluation of the relative success of these experiments [6] , [7] . Transition management is, therefore, a form of participatory policy-making based on complex systems thinking. The creation of a 'transition arena', in which a relatively small group of innovation-oriented stakeholders can come together to engage in a process of social learning about future possibilities and opportunities, is a key element of this process.
In our work, we seek to understand and contribute to potential future UK energy system transitions. To do this, we combine elements of historical analysis, which inform how the broad, long-term sweep of dynamics arises out of interactions between actors, institutions and infrastructures, i.e. a multi-level perspective, with elements from transition management, which show how purposeful actions by actors within systems can give rise to changes in institutions and infrastructures. This also draws on work on developing socio-technical scenarios, applying the multi-level perspective [30] .
This paper presents an initial description of how the insights from the transitions approach will be developed and applied in our project. Section II sets out our approach to characterizing energy systems and dynamic processes, section III reviews approaches to specifying transition pathways, section IV identifies dynamic processes in UK energy systems, and section V sketches out some early thinking about how potential transition pathways in UK energy systems could be formulated.
II. CHARACTERIZING SYSTEMS AND PROCESSES

A. Existing energy system
In order to establish potential future transition pathways in UK energy systems, we first need to characterize key elements of the existing regime, as well as identify key processes influencing the dynamics of change and stability. We begin by characterizing the socio-technical regime for meeting energy services demands by households, businesses and organizations. These services include lighting, heating, cooling and a range of services delivered with the aid of electric power. (The regime for meeting mobility/transport services is currently largely separate, though in some future pathways, these regimes may become more intertwined, e.g. via plug-in hybrid vehicles.) These demands are met through delivery networks which transfer power and energy from energy sources embedded in energy infrastructures. Three main physical infrastructures underpin energy service delivery in the UK, namely the national electricity and gas transmission and distribution networks and the buildings infrastructure, which is a key determinant of the levels of service demand.
There is a range of actors and networks within the regime. Following Verbong and Geels [5] , we focus on households, large industrial users, energy supply companies, distribution network operators, transmission system operators, electricity generators, national government, and regulators. The behaviour of each of these actors may be characterized by the values they hold, the resources they command, and the strategies they choose to follow. In turn, these are influenced by the institutional factors of national policies, market rules, and regulatory structures. Following the multi-level perspective, the regime is influenced by wider landscape factors and niche alternatives. Niche alternatives include the demonstration of new technological options, new ways of organizing systems for meeting energy service demands and new ways of adapting energy-using behaviour.
B. Dynamic processes
Next, we seek to identify key processes that influence dynamics and stability. We take a broad co-evolutionary view of change and stability, in which dynamics are determined by causal influences between mutually evolving systems. A number of recent studies have used an analytical framework based on the co-evolution of technological systems, institutions and business strategies [9] - [12] . We follow a similar framework with explicit inclusion of user preferences in terms of desirability of particular technological and system organization alternatives.
Within this co-evolutionary framework, we identify several processes through which change in technologies, institutions, business strategies and user preferences can occur. A provisional list of processes is informed by the work of Hekkert et al. [13] on functions of innovation systems, which is also guided by the earlier work of Jacobsson and Bergek [14] . An innovation system may be defined as "the elements and relationships which interact in the production, diffusion and use of new, and economically useful, knowledge" [15] . In terms of the multi-level perspective, innovation systems provide the social and institutional context for the development of new technologies and new organizational alternatives at the niche level. A number of key processes have been identified that matter for 'well-performing' innovation systems, i.e. those with a high rate of new and economically useful innovations that challenge incumbent technological systems. These processes are called 'functions of innovation systems'. In much of this innovation systems work, technology-specific systems are analysed, whilst recognizing that technologies are embedded in wider social systems. As we develop the transition pathways within our project, the specification of these functions or dynamic processes will be developed and amended as necessary.
The functions or dynamic processes are: entrepreneurial activities; knowledge development; knowledge diffusion through networks; guidance of search activities; market formation; mobilization of resources; and creation of legitimacy/ overcoming resistance to change. Here, entrepreneurial activities cover both new entrants seeking business opportunities in new markets, and incumbent companies which diversify their business strategy to take advantage of new developments, in either case giving rise to experiments and learning. Knowledge development includes R&D projects, patenting of new ideas and investments in R&D, also leading to learning within the system. Knowledge diffusion through networks includes exchange of information between the different actors within the system and the networks through which they interact. Guidance of search activities refers to activities relating to selection between different technological options, and includes interactive and cumulative processes of exchanging ideas between users, producers and other actors, giving rise to changes in user preferences and the creation of positive expectations about the future potential of the technology. Market formation includes activities that stimulate the creation of niche markets, either through entrepreneurial and learning activities, user demands, or specific policy incentives and measures. Resources mobilization includes investment in both financial capital and human capital involving the accumulation of relevant skills and capacities. Creation of legitimacy includes the action of advocacy coalitions to promote the adoption of new alternatives, and also responses to counter-actions by incumbent players seeking to maintain their current advantage.
In line with the co-evolutionary view of change and stability, technological change occurs through the creation of 'virtuous cycles', in which successful activities within one process enable other processes to succeed, i.e. a process of cumulative causation [12] , [13] . For example, an increase in entrepreneurial activities may stimulate development of new knowledge and increases in lobbying and advocacy activities, creating higher expectations and guiding the search patterns of other actors.
As noted, the analysis of these processes has generally focused on technological change, but within the context of innovation systems which incorporate wider social, institutional and cultural factors. In this way, changes in institutions, i.e. social rules and structures including market rules, regulatory systems and national policies, are seen to be crucial determinants of these dynamic processes that lead to technological change. Responding to critiques of innovation systems and multi-level transitions analyses as being overly institutionally or structurally deterministic, Hekkert et al. [13] argue that interpreting functions of innovation systems as dynamic processes or activities recovers a role for the entrepreneurs and other actors to actively influence change. They are then able to map activities or key events within a process of technological change, and show how structural factors and activities mutually influence each other [16] . In this project, we seek to develop an integrated conceptual and analytical framework which combines the multi-level perspective on transitions and analysis of the functions of innovation systems, along the lines proposed by Markard and Truffer [36] .
III. SPECIFYING TRANSITION PATHWAYS
We now outline the process of specifying transition pathways that we will use in our project. As noted above, we begin by characterizing the dominant regime for meeting demand for energy services by households, businesses and organizations. These services are met through delivery networks which transfer power and energy from energy sources, all of which are embedded in energy infrastructures, notably the UK electricity and gas grids and distribution networks and the built infrastructure. The behaviour of each of the actors in the system may be characterized by the values they hold and the strategies they choose to follow. In turn, these are influenced by the institutional factors of national policies, market rules, and regulatory structures. Following the multi-level perspective, the regime is influenced by wider landscape factors and niche alternatives.
Geels and Schot [19] propose a typology of four main transition paths, based on differences in the timing and nature of multi-level interactions: transformation path; reconfiguration path; technological substitution; and de-alignment and re-alignment path. Shackley and Green [20] used this typology to analyse past UK transitions and to outline potential future transitions to low carbon energy systems. They argue that the reconfiguration and de-alignment/re-alignment paths are the most likely for future low-carbon energy transitions in the UK. This is because of the rapid disruption likely to be caused by landscape pressures relating to climate change mitigation and energy security concerns, combined with the relatively early stages of development in which low carbon niche-innovations are currently found. Geels and Verbong [21] , in their paper for this conference, also apply this typology to potential future pathways for sustainability transitions in the electricity sector. Whilst we consider these typologies to be useful in thinking about how the different elements of a transition path may interact, in our work, we choose not to specify the global nature of a potential future transition from the outset. Instead, we seek to examine in more detail the dynamic processes contributing to the transition. As we develop our transition pathways, we will return to the question of the extent to which they exemplify the above typologies.
It is useful, nevertheless, to impose a broad structure to clearly differentiate transition pathways. Firstly, we take as given the need to achieve a transition in UK energy systems to contribute to at least a 60% reduction in CO 2 emissions by 2050, compared to 1990 levels. This will become a legally-binding target on the UK Government if, as expected, Parliament enacts the Climate Change Bill it is considering. The Government has also formed a new institution, the Climate Change Committee, consisting of external energy and climate experts, to recommend five-year carbon budget periods towards the target and to advise it on whether the 2050 target should be strengthened to an 80% reduction [22] . Whilst making a target legally-binding does not guarantee its achievement (and the Bill allows for the buying in of carbon credits relating to overseas emissions reductions), we assume that the strengthening scientific basis for human-induced climate change and its impacts [23] , as well as the economic case for urgent action advanced in the Stern Review [24] , will result in the UK, as it seeks to show leadership in international negotiations, sooner or later agreeing a domestic emissions reduction target of the order of 60-80%. Of course, human contributions to climate change are determined by cumulative emissions and not by arbitrary end-points [25] . Hence, we take one dimension of our structure to relate to early or late strong action to put the UK on a path to achieve a 60-80% reduction in CO 2 emissions by 2050. We take early actions to mean actions to achieve a domestic 30-40% emissions reduction by 2020. Because of the long lead times for much capital and infrastructure investment, this will require significant actions to be taken in the three carbon budgeting periods 2008-2012, 2013-2017 and 2017-2022.
The second dimension is that of moves towards largely centralized or largely decentralized electricity systems. Whilst many different alternatives exist within each of these routes, they are significantly different from each other, particularly in terms of infrastructures, institutions and patterns of behaviour. Together with the early/late action dimension, this will enable investigation of the extent to which it is feasible and efficient to maintain both largely centralized and largely decentralized options, or whether going down one pathway would preclude going down the other.
IV. DYNAMIC PROCESSES IN UK ENERGY SYSTEMS
Following Section II, we specify the following dynamic processes as currently influencing potential transition pathways to low carbon energy systems in the UK. Processes at the landscape level influencing or 'driving' the energy regime include: public awareness of climate change and willingness to accept and undertake changes in response; government commitments to meet national and international targets for emissions reductions and promotion of low carbon energy sources; ideological commitments to liberalized energy markets; concerns over security of primary energy supplies; external factors leading to high oil and gas prices; related concerns over energy affordability and fuel poverty; and factors which could lead to physical disruption of external supplies.
The dominant processes at present (2008) are governmental commitment to national and international targets for moving to a low carbon energy system and concerns over security of supply. As mentioned above, the UK government has committed itself to achieving at least a 60% reduction in CO 2 emissions by 2050, with an interim target of a 26-32% reduction by 2020. The 60% target was first formally made in the 2003 Energy White Paper, but without any strong supporting institutional structure to ensure a pathway to this target was followed [26] . The government is enacting the Climate Change Bill to make this target legally-binding, responding to the increasingly disturbing scientific predictions, the rapidly increasing public awareness of the issue and the analysis provided by the Treasury's Stern Review [24] , which suggested that the economic costs of action to mitigate climate change were likely to be significantly lower than the costs and risks associated with the impacts of climate change. The institutional innovations of legally-binding targets and a strong Climate Change Committee will enable the government to be held to account, so that much stronger pressures on the energy regime will result.
In addition, the UK has signed up to, and was one of the drivers of, the European energy and climate policy, agreed at the Council of Ministers in 2007. This sets targets for 2020 of a 20% reduction in European CO 2 emissions, a 20% increase in energy efficiency and 20% of final energy to come from renewable sources. The European Commission's proposal for how this latter target is to be shared out between countries envisions a target of 15% of final energy from renewable sources for the UK [27] . This target will be very challenging, as UK renewables policy has largely focused on electricity generation, with little attention to renewable heat or transport sources until very recently. The UK government is now consulting on a target of 30-35% of renewably generated electricity by 2020 [37] . This compares to the current goal of 20% renewable generation by 2020, with currently only firm incentives through the Renewables Obligation to achieve 15% by 2015. Hence, the landscape-level commitments contained in the National and European energy and climate policy targets will need to be translated into direct pressures on the energy regime through enhanced policies and measures.
The second main driver of UK energy policy at the landscape level is concerns over security of primary energy supplies. A variety of factors anticipated between now and 2020 have led to a perceived electricity generation 'gap' and concerns about availability of primary energy sources to enable this gap to be filled whilst achieving carbon reduction targets. These influences include high oil and gas prices, more rapid decline of UK North Sea oil and gas production than expected, concerns about dependence on imported gas from Russia and the Middle East, and a growing awareness that by 2016-2020 most of the current and ageing nuclear generating capacity will close, as will some coal-fired power stations that do not meet the requirements of the Large Combustion Plant Directive. This has led to pressures on the energy regime, in the form of support in principle for the building of new nuclear power stations [28] and consent for new coal-fired power stations. These policies have also been strongly driven by lobbying from actors within the existing regime seeking to maintain the current centralized generation system and their role in it.
Other strong drivers within the existing regime are increases in electricity and gas prices for households and industry, resulting from increases in international oil and gas prices -and growing concerns over energy affordability and fuel poverty, and changes in users' responsiveness to higher prices; and increasing public concerns over climate change, which could translate into growing willingness to accept and undertake change in response. At the moment, both governments and large energy industry players seem to believe that most users are still more driven by a desire for stable energy supplies at the lowest possible cost, rather than by responses to climate change concerns.
An interesting potential institutional innovation is a proposal to encourage the selling of energy services rather than units of energy from 2012, under the government's Carbon Emission Reduction Target scheme, which requires energy suppliers to stimulate take-up of low carbon and energy efficient measures by their customers. This could potentially lead to significant changes in business strategies for large industry players, particularly if they face challenges from new entrepreneurial energy service companies.
How these different pressures affect business strategies depends partly on how firms perceive the various risks within the system. A survey of a range of industrial stakeholders identified the major risks associated with a rapidly changing UK electricity sector as being: reliance on insecure sources of primary fuels for electricity generation; lack of investment in new infrastructure; decommissioning of nuclear plant leading to reduced capacity; severe weather conditions arising from climate change; and maintenance of capacity margins [29] .
At the same time, the existing regime has acquired a (social) stability and inertia through the investments in existing technologies, infrastructures and institutions, so that most change is incremental and relatively slow. Thus, the rate of capital turnover, the amount of new infrastructure needed and the rate of institutional change provide key factors that influence the extent to which the existing regime will be destabilized.
Finally, developments are ongoing at the niche level through the formation of technology-specific innovation systems around a number of different technological alternatives. They include both centralized options, such as offshore wind, wave and tidal power, tidal barrages, biomass co-firing, new nuclear power, and carbon capture and storage (CCS), and decentralized options, such as combined heat and power (CHP) through gas-powered fuel cells or Stirling Engines, local energy crops, photovoltaics, micro wind generation, solar heating and ground-source heat pumps. As envisioned within the de-alignment/re-alignment pathway, these innovation systems may be seen as competing for resources and recognition against each other within the centralized or decentralized paradigm, at the same time as these two paradigms compete against each other. Of course, complementarities may also exist between different technological alternatives, both within and between paradigms.
V. POTENTIAL TRANSITION PATHWAYS IN UK ENERGY SYSTEMS
The interactions of the above dynamic processes at landscape, regime and niche levels will be used to formulate transition pathways in UK energy systems. These pathways will be specified through what will be judged to be mutually consistent processes at the different levels coming together in virtuous circles of cumulative causation. These judgements will be based on initial interactions with public and private stakeholders, through stakeholder workshops to take place in the early stages of the project. Here, we sketch out some early thinking about how potential transition pathways could be formulated, although subsequent analysis could lead to significant changes as the project develops.
(1)
Later-action/centralized generation systems: In this pathway, concerns over security of supply, and doubts about the potential to scale up local decentralized technologies, reinforce strategies of large energy companies to maintain portfolios of large-scale technologies, including coal and nuclear power. Hence, investment focuses on these technologies, alongside scale-up of offshore wind, and reinforcement and enhancement of existing transmission infrastructure. The way that targets for emissions reductions and renewable energy sourcing are institutionalized allows investment by UK companies overseas to count towards UK targets, and so UK domestic targets are less stringent, delaying early action on decentralized options, and reducing the overall pace of change. This corresponds most closely to a 'transformation path', or re-orientation of the existing regime. (2) Later-action/decentralized generation systems: In this pathway, technical, social and economic concerns relating to the main centralized options, including carbon capture and storage, nuclear power and offshore wind, lead to a renewal of interest in decentralized options in the period 2016-2020, as the existing regime is seen to be struggling to meet climate change and energy security goals. However, lack of investment has delayed the development of these options, and multiple decentralized options now compete. Lack of co-ordination between these options, together with stranded assets from earlier centralized investments, slows down necessary investment in distribution networks. This corresponds most closely to a 'de-alignment/re-alignment path'. (3) Early-action/centralized generation systems: In this pathway, key centralized generation technologies, including nuclear power and larger-scale offshore wind, are given strong institutional support, e.g. by over-riding local planning objections and investment in relevant skills and training. Growing public acceptance of the need for action on climate change and energy security reinforces these developments and the need for domestic UK action, and company strategies focus on developing known existing technologies rather than more risky options. This investment in centralized technologies, and associated infrastructure, crowds out the potential for large investments in decentralized options. This again corresponds most closely to a 'transformation path'. (4) Early-action/decentralized generation systems: In this pathway, a strong commitment to domestic action by government and companies creates positive expectations which guide search activities towards decentralized options. Strong local leadership and sharing of knowledge between entrepreneurial local authorities is reinforced by advocacy coalitions of technology developers, installers and new energy service companies promoting decentralized generation. Infrastructure investment is focused on enhancing capacity of distribution networks to actively manage two-way power flows and on investment in the built infrastructure to capture natural energy flows, e.g. through passive solar design and natural ventilation. This corresponds most closely to a 'reconfiguration path'.
The resulting outline pathways will be further developed and interrogated in the three project Themes. Theme 1 will complement the above analysis with insights for transition pathways from existing scenarios for development of UK energy systems to 2050, and from historical analysis of long-term developments in use and costs of energy services arising from technological and social changes. Theme 2 includes testing for technical feasibility using electricity network models, while Theme 3 includes explorations of social acceptability using semi-structured interviews with relevant actors, including households and SMEs, to inform how demands for alternative technological, organizational and behavioural options might be generated. These technical, environmental, economic and social analyses will be brought together within a whole-systems assessment using a multi-criteria sustainability appraisal. This will be used to identify key constraints or 'tipping points' which might limit or enhance the potential transition pathways. The final transition pathways and related whole-systems assessments will be tested through further interactions with public and private stakeholders in later stakeholder workshops. Earlier workshops will initiate engagement with key actors and assist in scoping the pathways.
This project aims to contribute to both development of energy policy and strategies, and to further methodological elucidation of the transitions approach. We argue that the transition pathways approach informs energy policy by going beyond existing scenarios to analyse the interactions between different technological and social elements at multiple levels giving rise to pathways. It also contributes to methodological development by further exploring the interactions between the multi-level perspective and functions or dynamic processes in technological innovation systems.
